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Abstract 


The membrane (M) proteins of murine coronavirus (MHV) strains have been reported to contain only O-linked 
oligosaccharides. The predicted O-glycosylation site consisting of four amino acid residues of Ser—Ser—Thr—Thr is 
located immediately adjacent to the initiator Met and is well conserved among MHV strains investigated so far. We 
analyzed the nucleotide sequence of a highly virulent strain MHV-2 M-coding region and demonstrated that MHV-2 
had a unique amino acid, Asn, at position 2 at the conserved O-glycosylation site. We also demonstrated that this 
substitution added N-linked glycans to MHV-2 M protein resulting in increment of molecular mass of MHV-2 M 
protein compared with JHM strain having only O-linked glycans. © 2000 Elsevier Science B.V. All rights reserved. 
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Murine coronavirus (MHYV) is an enveloped 
virus with single-stranded, positive-sense genomic 
RNA of about 30 kb. MHV has three to four 
proteins on the membrane depending on strains. 
The spike (S) protein is a large glycoprotein and 
forms surface peplomers which are characteristic 
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of coronaviruses. The membrane (M) protein 
plays an important role in viral assembly together 
with the small membrane (E) protein. The hemag- 
glutinin-esterase (HE) protein is contained in 
some MHV strains and in other species of 
serogroup 2 coronaviruses (reviewed in Siddell, 
1995; Holmes and Lai, 1996). 

The M protein is the integral membrane protein 
spanning the lipid bilayer three times. A short 
NH,-terminal region (about 25 amino acids) is 
exposed on the virion surface, whereas most of it 
resides inside the virion (Armstrong et al., 1984; 
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Krijnse Locker et al., 1992b). The M protein of 
the MHV-AS59 strain has been reported to contain 
only O-linked oligosaccharides (Niemann et al., 
1984; Krijnse Locker et al., 1992a). The O-glyco- 
sylation site is considered to be located at a 
cluster of four hydroxylamino acids at the NH,- 
terminus: Ser—Ser—Thr—Thr immediately adja- 
cent to the initiator Met (reviewed in Rottier, 
1995). The M proteins of four other MHV strains 
so far sequenced also contained a well conserved 
hydroxylamino acid cluster forming potential O- 
glycosylation sites (Pfleiderer et al. 1986; 
Homberger, 1994). Recently de Haan et al. 
(1998b) clearly showed that Thr at position 5 is 
exclusively O-glycosylated by expressing a wide 
variety of mutant M proteins in mammalian cells. 

Coronaviruses are separated into three groups 
based on their antigenic properties. MHV accord- 
ing to this classification belongs to group 2. The 
evidence that the M protein contains only O- 
linked oligosaccharides has been found in other 
members in group 2: bovine coronavirus (BCV) 
and human coronavirus (HCV)-OC43 (Lapps et 
al., 1987; Mounir and Talbot, 1992). Unlike the 
M proteins of group 2, the M proteins of porcine 
transmissible gastroenteritis virus (TGEV) and 
avian infectious bronchitis virus (IBV) of groups | 
and 3, respectively, have been demonstrated to be 
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Fig. 1. Primer locations on mRNA 6 of MHV. LS, leader 
sequence. M, the M protein coding region. N, the N protein 
coding region. (a) 5’-TATAAGAGTGATTGGCGTCC-3’ [ge- 
nomic sense of JHM leader sequence (Skinner and Siddell, 
1983)]. (b) S5’-CACATTATTTAGCGCAT-3’ [complementary 
sense of the JHM M coding region, nt. 230 to 246 (Pfleiderer 
et al., 1986)]. (c) 5'-CATTATGAATAGTACCACTC-3’ (ge- 
nomic sense of the MHV-2 M coding region, nt. —4 to 16). 
(d) 5'-TTTAACCCGCGCTCGGTTTG-3’ [complementary 
sense of the JHM N coding region, nt. 97 to 116 (Skinner and 
Siddell, 1983)]. (e) 5’--CATACTACAGTTCGGTT-3’ [genomic 
sense of the JHM M coding region, nt. 117 to 133 (Pfleiderer 
et al., 1986)]. (f) 5’-“GACTTCACATAAACAGC-3’ [comple- 
mentary sense of the JHM M coding region, nt. 601 to 617 
(Pfleiderer et al., 1986)). 


N-glycosylated (Stern and Sefton, 1982; Kapke et 
al., 1988). 

The MHV-2 strain is a highly virulent strain of 
MHYV (Hirano et al., 1981). The molecular mass 
of the M protein of MHV-2 has been reported to 
be larger than that of MHV-A59 (Keck et al., 
1988), although the molecular basis for this differ- 
ence has not been addressed as yet. In this paper, 
we have demonstrated the presence of N-linked 
oligosaccharides attaching to MHV-2 M protein, 
in addition to conserved O-glycans, by means of 
nucleotide sequencing and biochemical analysis. 
The results indicate that the additional N-linked 
glycans make the molecular mass of MHV-2 M 
protein larger than other MHV M proteins with 
only O-linked oligosaccharides. 

Total cellular RNA was extracted from DBT 
cells infected with MHV-2 or other MHV strains 
namely: MHV-1, -3, -S, -D, and -NuU, at 16 h 
post inoculation. After extraction, 10 tg of RNA 
was reverse transcribed into cDNA using 
oligo(dT) as a primer, as described previously 
(Yamada et al., 1993). The cDNA transcripts (5 
ul) were amplified by PCR using 2.5 U Takara Ex 
Taq (Takara Biochemicals), in the presence of 
0.25 uM each of dATP, dCTP, dTTP, and dGTP 
(dNTPs) and 0.2 uM each of adequate primers 
(Fig. 1). The amplified samples were elec- 
trophoresed on a 1.0% agarose gel and purified by 
the prep-A Gene DNA purification kit (Bio-Rad). 
Sequencing of PCR products was performed by a 
dideoxy termination labeling method (Applied 
Biosystems; Model 373A-18 DNA _ sequencing 
system). 

The first PCR was performed to amplify a part 
including non-coding leader sequence of about 74 
nucleotides and one-third of the M protein coding 
region using primers a and b (Fig. 1) from the 
cDNA of MHV-2-infected DBT cells, since the 
presence of abundant N protein-coding mRNA 7 
(which shares sequences at 5’- and 3’-terminal 
sequences with M protein-coding mRNA 6), ham- 
pered amplification of the entire M gene using 
primers a and d. After determining directly the 
nucleotide sequence of this PCR product, the 
cDNA spanning the entire MHV-2 M coding 
region and 117 nucleotides of N coding region 
was amplified using primers c and d. The am- 
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plified PCR products were directly sequenced us- 
ing primers c to f. Sequences of a part including 
the initiation site of MHV-1, -3, -S, -D, and -NuU 
were also analyzed on PCR products amplified 
using primers a and b. 

Because the amino acid substitution was found 
at the conserved O-glycosylation site in the M 
protein of MHV-2 compared with other strains, 
the entire M gene of MHV-2 and a mutated 
MHV-2 M gene with the nucleotide sequence of 
JHM at the O-glycosylation site were subjected to 
vaccinia virus expression system. The entire cod- 
ing region of the M gene of MHV-2 was amplified 
using primers 2M-PH: 5’-CGAAGCTTCATTAT- 
GAATAGTACCACTC-3’ and 2M-NB: 5’ 
CGGGATCCTAGATTAGATTCTCAACAAT-3’ 
. In order to introduce a mutation at nucleotide 5, 
4M-PH primer: 5’--CGAAGCTTCATTATGAG- 
TAGTACCACTC-3’ was used instead of 2M-PH 
primer. PCR products were inserted into the 
HindIII and BamHI sites of pGEM4Z (Promega). 
The resulting plasmids were designated pM-2 and 
pM-4/2, respectively. Nucleotide sequences of in- 
serts were confirmed to be correct by sequence 
analysis. RK cells were infected with a recombi- 
nant vaccinia virus encoding bacteriophage T7 
RNA polymerase (VTF7-3, kindly provided by Dr 
B.H. Moss) and then transfected with plasmids, 
pM-2, and -4/2 by electroporation as described 
previously (Ohtsuka et al., 1996). At 16 h post 
transfection, transfected cells were washed with 
PBS and lysed with PBS containing 0.65% Non- 
idet P-40. The lysed samples were centrifuged at 
15000 rpm for 10 min. The supernatants were 
collected and stored at — 20°C. 

To deglycosylate N-linked sugars, 5 pl of RK 
cell lysate expressing MHV-2 M protein was de- 
natured by boiling in a buffer containing 0.5% 
SDS and 50 mM f-mercaptoethanol. It was then 
treated with 0.3 U N-glycosidase F (natural N- 
glycanase, Genzyme) for 1 h at 37°C. As a con- 
trol, expressed MHV-2 M protein was treated in 
the same way without N-glycanase. 

For the analysis of viral M protein, DBT cells 
were infected with MHV-2 or JHM (MOT 1). At 
12 h post inoculation, culture fluids were clarified 
by spinning at 3000 rev./min for 10 min. Ten 
microlitres of supernatants of virus-infected cell 


culture, lysates of plasmid-transfected cells follow- 
ing vaccinia virus inoculation or MHV-2 M 
protein-expressing cell lysates with or without N- 
glycanase treatment were subjected to SDS-poly- 
acrylamide gel electrophoresis using a 10% gel. 
Samples were then analyzed by Western blotting 
as described previously (Kubo et al., 1994) using 
polyclonal rabbit anti-MHV antiserum (kindly 
provided by Dr T. Itoh) and horseradish peroxi- 
dase-conjugated anti-rabbit IgGs (Cappel 
Organon Teknik). The bands were visualized with 
enhanced chemiluminescence (Amersham). 

The M protein gene of MHV-2 was sequenced 
directly from RT-PCR products amplified from 
the template RNA of virus-infected cells. In the 
M protein coding region, 45 nucleotides were 
different as compared with A59, resulting in 11 
amino acid substitutions (Fig. 2). Among these 
replacements, the first was found at the hydroxy- 
lamino acid cluster forming a potential O-glycosy- 
lation site. The amino acid immediately adjacent 
to the initiator Met was Asn in MHV-2 instead of 
Ser in A59. Since it was previously reported that 
the potential O-glycosylation site was well con- 
served among MHV strains (Homberger, 1994), 
the nucleotide sequences of this site of additional 
MHYV strains that had not been investigated, were 
analyzed. As shown in Fig. 3, amino acid se- 
quences of this site were Ser—Ser—Thr—Thr in all 
of five newly analyzed MHV strains in this paper 
namely: MHV-1, -3, -S, -D, and -NuU, in addi- 
tion to five strains reported previously. MHV-2 
was, therefore, the only strain with an amino acid 
substitution at this site. 

The molecular mass of the M protein of MHV- 
2 strain has been reported to be larger than that 
of MHV-AS59 (Keck et al., 1988). We confirmed 
this evidence with Western blot analysis using 
MHV-2 and JHM viral particles. The M protein 
of JHM (Fig. 4, lane 1) was detected as a broad 
band of 23—25 kDa. On the other hand, MHV-2 
M protein (lane 2) appeared as minor 23, major 
28 and 30 kDa species. Among these bands, 23 
kDa was considered as an unglycosylated form 
(de Haan et al., 1998b). 

To demonstrate the role of a second amino acid 
substitution in increased molecular mass of the M 
protein in MHV-2, a mutated M protein in which 
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Fig. 2. The M protein coding regions of A59 and MHV-2. (A) Nucleotide sequences. (B) Deduced amino acid sequences. Upper 
lane: previously published A59 sequence [The GenBank™ accession number X00509]. Lower lane: MHV-2 [AF126508]. Asterisks 
indicate the potential O-glycosylation sites. 


adenine at nucleotide 5 had been substituted by treated with N-glycanase. The treatment with N- 


guanine as the nucleotide sequence of JHM was 
synthesized and inserted into a pGEM vector. 
Mutated M protein was then expressed in RK 
cells using the vaccinia virus system along with 
original MHV-2 M protein. The molecular masses 
of expressed proteins were analyzed by Western 
blotting. The expressed MHV-2 M protein (Fig. 4, 
lane 4) was detected as the same molecular mass 
as MHV-2 viral M protein. On the other hand, 
the mutated M protein (lane 3) appeared as 23- 
and 25-kDa species, indicating that Asn to Ser 
substitution of the second amino acid made the 
molecular mass of glycosylated MHV-2 M protein 
as small as JHM-M protein. 

Since the Asn at position 2 creates an N-glyco- 
sylation consensus sequence (Asn—X-—Ser/Thr) 
(Kornfeld and Kornfeld, 1985), the MHV-2 M 
protein is likely to be N-glycosylated. To test this 
possibility, expressed MHV-2 M protein was 


glycanase (Fig. 4, lane 5) resulted in reduced 
molecular mass compared with MHV-2 M protein 
control (lane 6). These data indicated that the 


KKK 
2 MNSTTQAPQP VYQWTADEAI RFLKE 
A59 -S------E- ---------V Q---- 
JHM -S------G- --------- V Q---- 
1 -S------E- -<------ --V Q---- 
3 -S------E- ----- ----V Q---- 
Y -Se------E- ----- ----V ----- 
DVIM ~-S---P---- I--------V Q---- 
s -S---P---- [-------- V Q---- 
D -S---P---- [-------- V Q---- 
NuU -S---P---- I------ --V Q---- 
RI ~-S----xXxXxXxX Xx-----Q-V Q---- 


Fig. 3. Amino acid comparison of the amino terminal ectodo- 
main of the M proteins. The GenBank™ accession numbers 
are MHV-2 [AF126508], A59 [X00509], JHM [X04223], 
DVIM [L37755], RI [L37757], and Y [L37756]. MHV-1, -3, -S, 
-D, and -NuU were sequenced in this study. 
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Fig. 4. Western blot analysis of the M protein. Viral M 
proteins of JHM (lane 1) and MHV-2 (lane 2), lysates of RK 
cells transfected with pM-4/2 (lane 3) and pM-2 (lane 4) 
following vaccinia virus inoculation, MHV-2 M protein-ex- 
pressing cell lysates with (lane 5) or without (lane 6) N-gly- 
canase treatment were electrophoresed followed by Western 
blotting. Marker sizes are indicated on the left. Four major 
bands of the M protein are marked on the right. 


second amino acid Asn in MHV-2 M protein 
actually accepted N-linked glycans, resulting in 
increment of the molecular mass of MHV-2 com- 
pared with other MHV strains with only O-linked 
glycans. 

Sequence analysis of MHV-2 M protein re- 
vealed that MHV-2 had a unique amino acid, 
Asn, at position 2 at the O-glycosylation site 
which was conserved among murine coro- 
naviruses. We have demonstrated biochemically 
that Asn at position 2 was N-glycosylated and 
that these N-glycans made the molecular mass of 
MHV-2 M protein larger than those of other 
MHV strains. de Haan et al. (1998a) previously 
demonstrated that an experimentally created M 
mutant of A59 strain with Asn at position 2 made 
the molecular mass of the M protein larger than 
that of parental A59. They also showed that Thr 
at position 5 and Pro at position 8 were required 
for O-glycosylation and that both N- and O- 
linked glycans were present in the mutant M 
protein of A59 with Asn at position 2 (de Haan et 
al., 1998b). Since Thr at position 5 and Pro at 
position 8 were conserved in MHV-2, MHV-2 M 
protein is considered to have both N- and O- 
linked oligosaccharides like mutant M protein of 
A59 with Asn at position 2. This paper is the first 
report demonstrating that an MHV strain has 
both N- and O-linked oligosaccharides on the M 
protein resulting in an increment of the molecular 
mass. 


Although the molecular mechanisms of N- 
linked glycosylation are well understood, those of 
O-linked glycosylation have yet to be studied. In 
this sense, the M proteins of coronaviruses in 
group 2 seem to provide a good tool for elucida- 
tion of the mechanisms of O-glycosylation, since 
they have been reported to carry only O-linked 
oligosaccharides. As we have demonstrated the 
presence of additional N-linked sugars, careful 
attention should be paid when using MHV-2 M 
protein for this purpose. 

It is not clear whether the presence of extra 
sugars affects the function of the M protein or 
not. Viral assembly, an event in which the M 
protein plays an important role, is not interfered 
with by the additional N-glycosylation, since 
equal efficiency was displayed by both the mutant 
M protein of A59 with N-linked oligosaccharides 
and the original A59 M protein lacking N-glycan 
in assembling in virion-like particles (de Haan et 
al., 1998a). MHV-2 does not induce cell-to-cell 
fusion on cultured DBT cells forming syncytium, 
as opposed to most MHV strains. However, it 
seems unlikely that MHV-2 M protein is responsi- 
ble for non-syncytium formation, since the S 
protein has been demonstrated to be the only 
element that determines the phenotype of MHV 
strain with regard to syncytium formation (Ya- 
mada et al., 1997). The M protein of MHV-2 does 
not seem to have sufficient role in changing 
pathogenicity or tissue tropism, since an A59- 
based recombinant virus containing the entire M 
gene of MHV-2 produced encephalitis and hepati- 
tis similar to parental A59 following intracerebral 
inoculation (Lavi et al., 1998). Further investiga- 
tion is required to elucidate whether the differ- 
ently modified M protein of MHV-2 is somehow 
involved in determining the biological characteris- 
tics of this particular strain. 


Acknowledgements 


We gratefully acknowledge Dr Akio Yamada, 
National Institute of Infectious Diseases, for his 
excellent advice. 


154 Y.K. Yamada et al. / Virus Research 66 (2000) 149-154 


References 


Armstrong, J., Niemann, H., Smeekens, S., Rottier, P., War- 
ren, G., 1984. Sequence and topology of a model intracel- 
lular membrane protein, El glycoprotein, from a 
coronavirus. Nature 308, 751—752. 

de Haan, C.A.M., Kuo, L., Masters, P.S., Vennema, H., 
Rottier, P.J.M., 1998a. Coronavirus particle assembly: pri- 
mary structure requirements of the membrane protein. J. 
Virol. 72, 6838-6850. 

de Haan, C.A.M., Roestenberg, P., de Wit, M., de Vries, 
A.A.F., Nilsson, T., Vennema, H., Rottier, P.J.M., 1998b. 
Structural requirements for O-glycosylation of the mouse 
hepatitis virus membrane protein. J. Biol. Chem. 273, 
29905-29914. 

Hirano, N., Murakami, T., Taguchi, F., Fujiwara, K., Matu- 
moto, M., 1981. Comparison of mouse hepatitis virus 
strains for pathogenicity in weanling mice infected by 
various routes. Arch. Virol. 70, 69-73. 

Holmes, K.V., Lai, M.M.C., 1996. Coronaviridae: the viruses 
and their replication. In: Fields, B.N., Knipe, D.M., How- 
ley, P.M. (Eds.), Fields Virology, 3rd ed. Lippincott- 
Raven, Philadelphia, PA, pp. 1075-1093. 

Homberger, F.R., 1994. Nucleotide sequence comparison of 
the membrane protein genes of three enterotropic strains of 
mouse hepatitis virus. Virus Res. 31, 49-56. 

Kapke, P.A., Tung, F.Y.T., Hogue, B.G., Brian, D.A., 
Woods, R.D., Wesley, R., 1988. The amino-terminal signal 
peptide on the porcine transmissible gastroenteritis coro- 
navirus matrix protein is not an absolute requirement for 
membrane translocation and glycosylation. Virology 165, 
367-376. 

Keck, J.G., Soe, L.H., Makino, S., Stohlman, S.A., Lai, 
M.M.C., 1988. RNA recombination of murine coro- 
naviruses: Recombination between fusion-positive mouse 
hepatitis virus A59 and fusion-negative mouse hepatitis 
virus 2. J. Virol. 62, 1989-1998. 

Kornfeld, R., Kornfeld, S., 1985. Assembly of asparagine- 
linked oligosaccharides. Annu. Rev. Biochem. 54, 631- 
664. 

Krijnse Locker, J., Griffiths, G., Horzinek, M.C., Rottier, 
P.J.M., 1992a. O-Glycosylation of the coronavirus M 
protein: Differential localization of sialyltransferases in N- 
and O-glycosylation. J. Biol. Chem. 267, 14094-14101. 

Krijnse Locker, J., Rose, J.K., Horzinek, M.C., Rottier, 
P.J.M., 1992b. Membrane assembly of the triple-spanning 


coronavirus M protein. J. Biol. Chem. 267, 21911-21918. 

Kubo, H., Yamada, Y.K., Taguchi, F., 1994. Localization of 
neutralizing epitopes and the receptor-binding site within 
the amino-terminal 330 amino acids of the murine coro- 
navirus spike protein. J. Virol. 68, 5403-5410. 

Lapps, W., Hogue, B.G., Brian, D.A., 1987. Sequence analysis 
of the bovine coronavirus nucleocapsid and matrix protein 
genes. Virology 157, 47—57. 

Lavi, E., Kuo, L., Haluskey, J.A., Masters, P.S., 1998. 
Targeted recombination between MHV-2 and MHV-A59 
to study neurotropic determinants of MHV. Adv. Exp. 
Med. Biol. 440, 543-547. 

Mounir, S., Talbot, P.J., 1992. Sequence analysis of the mem- 
brane protein gene of human coronavirus OC43 and evi- 
dence for O-glycosylation. J. Gen. Virol. 73, 2731-2736. 

Niemann, H., Geyer, R., Klenk, H.-D., Linder, D., Stirm, S., 
Wirth, M., 1984. The carbohydrates of mouse hepatitis 
virus (MHV) A59: structures of the O-glycosidically linked 
oligosaccharides of glycoprotein El. EMBO J. 3, 665—670. 

Ohtsuka, N., Yamada, Y.K., Taguchi, F., 1996. Difference in 
virus-binding activity of two distinct receptor proteins for 
mouse hepatitis virus. J. Gen. Virol. 77, 1683-1692. 

Pfleiderer, M., Skinner, M.A., Siddell, S.G., 1986. Coronavirus 
MHV-JHM: nucleotide sequence of the mRNA that en- 
codes the membrane protein. Nucleic Acids Res. 14, 6338. 

Rottier, P.J.M., 1995. The coronavirus membrane glyco- 
protein. In: Siddell, S.G. (Ed.), The Coronaviridae. 
Plenum, New York, pp. 115-139. 

Siddell, S.G., 1995. The coronaviridae: An introduction. In: 
Siddell, S.G. (Ed.), The Coronaviridae. Plenum, New 
York, pp. 1-10. 

Skinner, M.A., Siddell, S.G., 1983. Coronavirus JHM: nucle- 
otide sequence of the mRNA that encodes nucleocapsid 
protein. Nucleic Acids Res. 11, 5045-5054. 

Stern, D.F., Sefton, B.M., 1982. Coronavirus proteins: struc- 
ture and function of the oligosaccharides of the avian 
infectious bronchitis virus glycoproteins. J. Virol. 44, 804— 
812. 

Yamada, Y.K., Yabe, M., Yamada, A., Taguchi, F., 1993. 
Detection of mouse Hepatitis virus by the polymerase 
chain reaction and its application to the rapid diagnosis of 
infection. Lab. Anim. Sci. 43, 285-290. 

Yamada, Y.K., Takimoto, K., Yabe, M., Taguchi, F., 1997. 
Acquired fusion activity of a murine coronavirus MHV-2 
variant with mutations in the proteolytic cleavage site and 
the signal sequence of the S protein. Virology 227, 215— 
219. 


